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Abstract 
Recently, the needle-free delivery system has been widely used in medical fields due to its convenience in delivering 
drug particles into human body without any external needles. In order to penetrate through the outer layer of the skin, 
drug particles need to obtain enough momentum, which is achieved by accelerating drug particles in a Contoured 
Shock Tube (CST). The CST consists of a micro shock tube with two diaphragms and an expanded supersonic 
nozzle. In the present study, experimental studies were carried out by pressure measurement. Six high sensitive 
pressure transducers were used for recording pressure changes as the shock wave moved through different locations 
along walls in the test section. From which, data on shock wave propagation could be obtained. Different diaphragm 
pressure ratios were conducted to demonstrate effects of initial diaphragm pressure ratios on shock wave 
propagation. Shilieren visualization was also performed to observe shock wave propagation and shock wave 
structure in the present experimental shock tube model. The characteristic of the internal flow and shock wave 
system have been studied and analyzed in details in the present shock tube model.  
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1. Introduction 
    Injecting drugs to human body is an important part in medical science. A unique drug delivery system named as 
the transdermal drug delivery system has been developed to deliver drug particles to the body without any external 
needles. Compared to traditional plastic syringes containing some potential danger, prominent advantages are taken 
by the needle-free drug delivery. Patients suffer less pain and injure free, and no sharp needle is exposed for 
contamination hazard. As drug particles are delivered by powder form, there is no need to transform them into liquid 
form any more. This makes storage and transportation much easier and less cost. The delivering process is also very 
easy and there is no need of any skilled operators. In order to get the optimum effect of the delivered drug, it is very 
important to deliver it into the desired layer of the skin. It is possible to do that by controlling the momentum of 
drug particles. Particles are accelerated by high speed gas before being penetrated into the outer layer of the skin. 
This can be done by using a Contoured Shock Tube (CST). Needle-free drug delivery systems also offer exciting 
prospect for some unique treatments like DNA vaccination and anti-viral drug delivery which are difficult to execute 
with the conventional technology.  The schematic of needle–free drug delivery system is shown in Fig. 1. 
 
Fig. 1.  Schematic of needle-free drug delivery system 
    The initial work on transdermal drug delivery system was done by M. A. F. Kendall et al who designed a system 
to deliver DNA coated metal particles into plant cells for genetic modification [1]. They performed an experimental 
investigation of the transient gas and particle dynamics within a transonic converging-diverging nozzle prototype. 
Pitot and static pressure measurements, schlieren visualisation and Doppler global velocimetry technique were used 
to observe the unsteady flow in the converging-diverging nozzle. Results showed that total pressure loss and large 
nozzle area ratio lead to gas and particle flow non-uniformities generated by oblique shock waves. M. A. F. Kendall 
[2] also operated experimental study and CFD simulation on a CST model. The CST system delivered particles with 
a narrow and controlled velocity range and a uniform spatial distribution. Results indicated that the entrained 
particle payload did indeed achieve a uniform velocity (±4%) at the device exit, which had a good agreement with 
conclusion from CFD code. 
Y. Liu [3-5] et al made numerical simulations on shock wave propagation and interaction between the gas and 
micro particles in different CST models. Simulations were performed at different drag correlations applied to predict 
the micro particles transport in numerically simulated gas flow. Simulated pressure histories agreed well with the 
corresponding Pitot and static pressure measurement. In addition, the calculated velocity distributions also showed 
good agreement with the best prediction from Igra&Takayama correlation with maximum discrepancy of 5%. M. C. 
Marrion [6] et al operated static pressure measurements compared to CFD results. Experimental results in the ideal 
driver had good agreement with both CFD and one-dimensional analysis. In the obstructed driver, there are strong 
deviations between experimental results and theoretical analysis, but not in the driven section where pressure 
measurements matched theory well. 
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N. J. Quinlan [7] et al conducted an experimental study in the Mach 3.5 contoured nozzle. A numerical model of 
the quasi-steady flow of stored gas from the reservoir system was introduced. The prediction showed good 
agreement with measurement of the decaying pressure in the cylinder and rupture chamber at the earliest stages, 
when the rupture chamber acts as the driver section of a shock tube. The relatively high velocities observed for the 
smallest particles were due to the use of helium, with its high speed of sound. However, the larger particles tested 
did not attain such high velocities. R. F. Chisnell [8] took a first-order relationship between changes in area and 
shock strength which was derived for the case of a shock moving through a channel with a small area change. By 
suitable choices of the shape of the channel, descriptions of converging cylindrical and spherical shocks were 
obtained. These descriptions had good agreement with the similarity solutions valid near the points of collapse of 
shocks.  
   C. E. Smith [9] operated an experimental study of the starting process in a reflected-shock tunnel, and compared 
the results with numerical previous calculations. Results showed that an unsteady expansion wave dominated the 
transient flow and the shock wave played a minor role. It was found that initial pressures which were larger than the 
steady-flow static pressure could be tolerated without prolonging the starting process even though there was the 
presence of a strong secondary shock wave. F. Higashino [10] et al aimed at experimentally investigating both the 
development and the oscillation phenomena of pseudo shock waves in a two dimensional asymmetric nozzle. One 
case was both side walls of the diverging nozzle and the other was only one side wall diverging. It was found that an 
oblique shock wave appeared near the turning corner of the diverging section owing to a separation vortex and then 
it developed into a pseudo shock wave. The supersonic flow that issued from the duct was not much expanded in the 
flow direction and behaved like an under expanded jet which was deflected towards the shorter wall of the nozzle.  
   This paper mainly aimed at observing and analyzing shock wave propagation and validating effects of diaphragm 
pressure ratio on shock wave strength. Pressure measurement and schlieren visualisation were operated in the 
present experimental study. Pressure measurement was used to quantitatively analyse shock wave strength and 
shock wave propagation. Shock wave structure was qualitatively investigated by schlieren visualization. Different 
diaphragm pressure ratios were varied to be performed in present experimental model. 
 
2. Experimental Method 
2.1. The CST device  
The needle-free drug delivery system is based on the Contoured Shock Tube (CST) as is shown in Fig 2. (a). In 
order to deliver drug particles into the skin with a narrow range of velocities, they must be accelerated and delivered 
in a quasi-one-dimensional steady flow field. The CST system consists of a micro shock tube and an expanded 
supersonic nozzle. Generally, two diaphragms must be needed in the micro shock tube and particles are seeded into 
the region between these two diaphragms. The diaphragm near the high pressure section is manually ruptured by 
using a needle. The second diaphragm is always naturally ruptured due to high pressure produced by the shock wave 
moving into the particle chamber. After two diaphragms are ruptured, particles together with the gas are accelerated 
behind the shock wave. High momentum of particles is obtained as they move through the supersonic nozzle so that 
they can be penetrated into the skin. 
2.2. Pressure measurement 
     The experimental setup for pressure measurement is shown in Fig 2 (b). Six high sensitive pressure transducers 
were used to record the pressure change as shock waves move through the test section. The gauges were used to 
measure the static pressure at various locations in the device. Based on the distance between two transducers and 
time difference caused by that the shock wave moves through these two locations, the velocity of the shock wave 
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            Fig. 2. (a) Schematic of pressure measurement;                           (b) Experimental setup for pressure measurement 
 
     
 
               Fig. 3. (a) Schematic of Schlieren imaging system;                          (b) Experimental setup for Schlieren visualization 
 
can be easily obtained. Kulite pressure transducers (Kulite, XT-190) were mounted in the CST walls. Transducer 1 
lied in the high pressure section with the pressure of P4 and the other 5 were installed in the low pressure section 
with the atmosphere pressure of P1. Transducer 2 located in the convergent section of the CST, and transducer 3, 4, 
5, 6 lied in the divergent section of the CST. 
2.3. Schlieren visualization 
 Schlieren imaging is a method to visualize density variations in transparent media. The optical setup of the present 
schlieren imaging system comprises five main sections including light source, mirrors, test section, knife edge and 
camera as is shown in Fig 3. (a) and (b). The parallel beam was achieved by a laser focusing into a pinhole and 
reflected by flat mirrors. A laser (OPS-500X-SP) delivering 20 ns pulse in synchro-nisation with the CCD camera 
was used as the light source for the experiment. A Nikon ED high speed Charge Coupled Device (CCD) camera was 
used to record up to 4000 schlieren images in each experiment at 20000 frames per second. To make schlieren 
imaging inside the expanded nozzle, the test section with a transparent square-section nozzle was constructed as is 
shown in Fig 2. (b). Glasses are used for transparent windows. The density change indicating shock wave structure 
is caught by schlieren imaging technique. 
 
3. Results and Discussions 
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    Pressure histories of six sensors at different diaphragm pressure ratios are shown in Fig. 4-6. Different initial high 
pressures were performed in the high pressure chamber from compressor. P4 was respectively initialized at the 
pressure of 21.5bar, 30.5bar and 40.3bar and P1 was kept a constant of atmosphere pressure for three experimental 
cases. After the first diaphragm was ruptured by the needle, the shock wave moved towards the region between two 
diaphragms, so that a high pressure was developed instead of the initial atmosphere pressure in this region. The 
second diaphragm was naturally ruptured. As the shock wave moved through the location where a pressure 
transducer was mounted, the pressure change was recorded. 
    The recorded pressure values of sensor 1 are clearly shown the initialized pressure in high pressure section. 
Pressure of sensor 1 kept a constant at the beginning, and gradually decreased later. This is mainly due to that 
expansion waves generated by the rupture of first diaphragm moved through the sensor 1. Pressure of sensor 2 
increased after shock wave moved through this location. As the diaphragm pressure ratio increases, maximum 
pressure value of sensor 2 also increases.  Pressure values of transducers change as the shock wave moves through 
these locations in the expanded supersonic nozzle. Based on time different between first steep peaks in pressure 
histories of two sensors and their distance, the shock wave velocity can be obtained. According to the time when the 
pressure started changing at the location of sensor 2, it is much less at the pressure ratio of 40.3 compared to that at 
the pressure ratio of 21.5 and 30.5. This indicates as the diaphragm pressure ratio increases, the velocity of shock 
wave also increases. 
   The trend of pressure change for sensor 3, 4, 5, 6 is almost similar. As the shock wave moved through these 
locations, the pressure increased. After reaching the peak value, it decreased. This results from that the supersonic 
flow behind the shock wave was accelerated as it went through the divergent section of the expanded nozzle. Flow is 
initiated by the primary shock wave, which opens a transient starting process of the type described by Smith (1966) 
and Amman and Reichenbach (1973). This phase is followed by a quasi-steady supersonic flow during which static 
pressure decreases as total pressure decays [1]. The pressure increased again due to the high pressure gas moved 
through the divergent section. Finally it kept a constant after all waves moved outside from the test section. 
    Sequences of schlieren images are shown in Fig. 7. Shock wave propagation can be clearly seen from these 
images. The flow moved from the left to the right. The flow density gradient distributions show the structure of 
shock waves. In the Fig. 7 (a), a clear primary shock wave produced by the rupture of the second diaphragm 
propagated in the divergent section of CST at t=0.8334. In the Fig 7 (b), 1.6057 ms later, due to the supersonic flow 
moved through the divergent section, weak oblique shock wave was observed. The oblique weak shock happened 
reflection along the nozzle walls, which can be obviously observed. This shock system forms the subsequent quasi-
steady supersonic flow after the primary shock left the divergent nozzle. 
     As the supersonic flow moved through the exit of the expanded supersonic nozzle, relatively strong oblique    
shock occurred. A normal shock developed in the front of the strong oblique. This is results from that supersonic 
flow occurred in the front of the strong oblique shock. Based on shock wave theory, the supersonic flow can be 
obtained behind the static oblique shock as supersonic flow goes across this oblique shock at the weak solution. The 
oblique shock happened reflection, which can be easily seen from Fig 7. (c). In addition, the reflected shock waves 
became weak. This mainly results from the viscous effects of the flow and the friction between the front edge of 
oblique shock waves and the walls. The decay of shock wave strength leads to a small density gradient change of the 
flow, so that weak shock waves are not obviously shown in images. Oblique shock system consisted of at least four 
oblique shock cells in Fig 7. (d). Similar starting process shock structures have been observed and investigated by 
Gvozdeva and Zhilin (1977) and Britan and Vasilev (1986). This oblique shock system dominating the starting 
process exists as a result of the expanded nozzle operation [1]. 
    A derived normal shock occurred as is shown in Fig. 7 (e). This is mainly due to that the shock tube is open at the 
end of shock tube exit. Pressure gradually decreased from the shock tube exit to the high pressure chamber. The 
 
246   Guang Zhang  et al. /  Procedia Engineering  105 ( 2015 )  241 – 249 
           
Fig. 4. Pressure histories of pressure sensors at diaphragm pressure ratio of 21.5 (P1=1 bar) 
             
Fig. 5.  Pressure histories of pressure sensors at diaphragm pressure ratio of 30.5 (P1=1 bar) 
             
Fig. 6. Pressure histories of pressure sensors at diaphragm pressure ratio of 40.3 (P1=1 bar) 
247 Guang Zhang  et al. /  Procedia Engineering  105 ( 2015 )  241 – 249 
 
   
 
    
 
   
 
   
 
   
 
   
 
Fig. 7. Schlieren images at variable time at diaphragm pressure ratio of 21.5 
 
derived normal shock moved towards the opposite direction compared to the primary shock. The derived shock 
propagation is easily observed in Fig. 7 (e) and (f). Based on the time difference and the distance of shock wave 
moving in these two images, the velocity of derived shock can be obtained.  
(a) t = 0.8334ms 
(b) t = 1.6057ms 
(c) t = 1.8613ms 
(d) t = 2.7506ms 
(e) t = 3.1604ms 
(f) t = 3.6527ms 
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4. Conclusions 
     Pressure measurement and schlieren visualization have been used to investigate the flow dynamics inside a 
Contoured Shock Tube. Pressure histories were obtained at different locations in the CST at different diaphragm 
pressure ratios. Results showed that as the diaphragm pressure ratio increases, the shock velocity also increases. 
This has a good agreement with the shock wave theory. The region showing a quasi-steady supersonic flow where 
the static pressure decreased was observed in the pressure measurement. Schlieren images revealing the structure of 
oblique shock waves and reflected shock waves were obtained in present experimental study. The density gradient 
distributions were clearly shown in schlieren images. The primary normal shock was clearly observed. The oblique 
shock system dominating the starting process existed as a result of the expanded nozzle operation was also obtained. 
As the oblique shock wave happen reflection, the shock strength gradually decreases. This is mainly due to viscous 
effects of the flow and the friction between the front edge of oblique shock waves and shock walls. More 
experimental tests will be performed to understand shock wave propagation and flow characteristics in the present 
experimental model. Numerical simulation will be also made to compare with experimental results. 
 
5.  Experimental Uncertainty 
   The pressure measurement and schlieren visualization technique were used to observing shock wave propagation 
and internal flow in the needle-free delivery system. Because of manual rupture of diaphragms used in present 
experiments, the vibration of measured device happened in the experimental system. This could affect recorded data 
from pressure transducers and quality of images for camera. In addition, the response time of pressure transducers 
also had great effect on pressure measurement and accurate results will be obtained from high-sensitive pressure 
transducers. Resolution of the camera is a very important parameter for high-quality images. As shock wave moved, 
density changed in the front and after shock wave, which was taken by the camera. High resolution one could apply 
detailed change in images. The trigger used for combining the laser and the camera is an anther important part and 
suitable coupling between the laser and the camera must be needed. Those effects led to uncertainty in present 
experimental results. For the future experimental tests, those effects should be considered and improved so that good 
results will be obtained. 
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